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The charge and spin of the electrons in solids have been extensively exploited in electronic 
devices and in the development of spintronics. Another attribute of electrons – their orbital 
nature – is attracting growing interest for understanding exotic phenomena and in creating 
the next-generation of quantum devices such as orbital qubits. Here, we report on orbital-
flop induced magnetoresistance anisotropy in CeSb. In the low temperature high magnetic-
field driven ferromagnetic state, a series of additional minima appear in the angle-dependent 
magnetoresistance. These minima arise from the anisotropic magnetization originating from 
orbital-flops and from the enhanced electron scattering from magnetic multidomains formed 
around the first-order orbital-flop transition. The measured magnetization anisotropy can 
be accounted for with a phenomenological model involving orbital-flops and a spin-valve-
like structure is used to demonstrate the viable utilization of orbital-flop phenomenon. Our 
results showcase a contribution of orbital behavior in the emergence of intriguing 
phenomena.  
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Introduction 
The shape of the electron cloud in a solid is denoted as an orbital [1]. The orbital degree of freedom 
and its interplay with the charge and spin of the electron are of importance for understanding 
electronic phenomena [1-3]. In transition-metal oxides, the ordering and correlation of the 
anisotropic d-orbitals play a critical role in the metal-insulator transition and the occurrence of 
colossal magnetoresistance [1,2].  Orbital excitations were found to be the key in understanding 
the temperature dependence of the resistivity and optical conductivity in the ferromagnetic phase 
of doped manganites [4]. The multiferroicity in GeV4S8 is thought to originate from an orbital 
ordering that reorganizes the charge within the transition metal clusters [5]. Furthermore, electron 
orbitals are considered to be the origin of the extremely anisotropic superconducting gap in the 
nematic phase of FeSe superconductors [6]. Although less explored than spins, orbitals are 
attracting increasing attention in quantum information science and applications [7]. For example, 
orbital angular momentum has been proposed for quantum information processing [8,9]. Controls 
of orbital states using electrical field [10], light [11], and lattice strain [7] have also been attempted, 
aiming at potential applications such as orbital qubits. 
The recent quest for the origin of the extremely large magnetoresistance (XMR) in rare earth 
monopnictide CeSb demonstrated that the Ce orbital state is partly responsible for the XMR [3]. 
Here, we reveal an orbital-flop transition that induces anisotropic magnetoresistances and 
magnetizations in CeSb. We found that the anisotropy of the magnetoresistance in CeSb in the 
paramagnetic phase resembles that of the orbitally-quenched compound GdBi. However, unlike 
GdBi, when CeSb enters the ferromagnetic phase at low temperatures, it shows additional extrema 
in the field-orientation dependence of the magnetoresistance. We attribute the additional 
anisotropy of the magnetoresistance in CeSb at high magnetic fields to an abrupt reorientation by 
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90° in the Ce Γ"($) orbitals. This hypothesis is supported by the field-orientation dependence of the 
critical magnetic field above which CeSb is ferromagnetic. We validate this mechanism by 
accounting for the anisotropy of experimentally obtained magnetizations with a phenomenological 
model involving such an orbital-flop. We further construct a spin-valve-like structure consisting 
of CeSb and permalloy (Py, Ni80Fe20) to directly elucidate the orbital-flops through an abrupt 
change in the field-orientation dependence of the tunneling magnetoresistance between the Py 
layer and the CeSb crystal. This work reveals a new type of orbital-induced intriguing property, 
which can stimulate further exploration of materials with anisotropic orbitals. It provides direct 
evidence of electron orbital contributions to the observed XMR. Our results also demonstrate the 
potential of utilizing orbital-flop transitions in electronic applications.  
Results 
Orbital-flop induced magnetoresistance anisotropy 
CeSb is one of the rare-earth monopnictides LnX (e.g. Ln = Y, Sc, Nd, Lu, La, Ho, Ce and X = 
Sb/Bi) that have recently been investigated intensively in the context of topological materials [11-
19] and XMR phenomenon [3,20-31]. While its topological nature is currently under debate [3,16-
18], its magnetoresistance is the largest among the rare-earth monopnictides, reaching up to 
1.6´106 % at a magnetic field of 9 T [3]. Distinct from nonmagnetic La and Y monopnictides, 
CeSb with the Ce 4f-electron state shows various long periodic magnetic structures at low 
temperatures even in zero magnetic field [3,32,33] (Supplementary Figure 1). In the presence of a 
magnetic field, it exhibits at least 14 magnetic phases [3,33] (also see Supplementary Figure 1). 
The tunable magnetic structures provide an opportunity to investigate the possible correlation 
between its purported topological property and magnetism [3,18]. Recently, Ye et. al. revealed the 
magneto-orbital control of XMR in CeSb [3], where they presented magnetoresistance 
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measurements in a fixed-field orientation (along [001]). In this work we reveal properties of CeSb 
resulting from varying the magnetic-field orientation.   
We studied three crystals from the same batch, with Sample A in a standard four-contact magneto-
transport configuration and Sample B in two-contact spin-valve-like structure for resistance 
measurements, and contact-less Sample C for magnetization characterizations. Figure S2a shows 
the temperature dependent resistance curve R(T) for Sample A with typical zero-field magnetic 
ordering at TN »16 K. Figure S2b shows the magnetoresistance MR(H) = [R(B)-R0]/R0 at T = 3 K 
and H ∥ [001], which yields a large value of ~1.1´104 % at µ0H = 9 T. Here, R(B) and R0 are the 
resistance with and without magnetic field, respectively. The MR(H) also shows an apparent kink 
at ~3.62 T associated with an antiferromagnetic to ferromagnetic transition with increasing field, 
consistent with those reported in the literature [3,18], indicating the high quality of our crystals. 
CeSb has a rock-salt cubic crystal lattice, resulting in identical electronic structures along the kx, 
ky and kz directions of the Brillouin zone. Similar to LaSb, it has a bulk anisotropic Fermi surface 
with elongated electron Fermi pockets [17]. Thus, we expect to see anisotropic magnetoresistance 
in CeSb when the magnetic field is tilted away from the [001] direction. As shown in 
Supplementary Figure 3b for the data obtained at T = 25 K and at various magnetic fields, we 
indeed observed anisotropic magnetoresistances with a four-fold symmetry in the paramagnetic 
state, which as in LaSb [24], is probably associated with the anisotropic bulk Fermi surface. 
However, in the low-temperature magnetically ordered states, the anisotropy of the 
magnetoresistance exhibit additional minima as presented in Figs.1b and 1c for the results obtained 
at T = 3 K and Supplementary Figure 4 for T = 5 K. Namely, the R(q) curves for µ0H ³ 5 T exhibits 
additional minima along <011> directions, i.e., at q = 45°, 135°, 225° and 315°, which are more 
pronounced than the minima at q = 0°, 90°, 180° and 270° expected from the bulk Fermi surface. 
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Furthermore the R(q) curves for µ0H £ 4 T show additional complicated features. For example, the 
minima at q = 90° and 270° in the curve for µ0H = 4 T become barely recognizable. The curves 
for µ0H = 4 T to 2 T show additional features at 90° < q < 135° and 270° < q < 315°. Moreover, 
anomalies at <011> persists down to 2 T. These results clearly reveal the contribution of magnetic 
structures to the magnetoresistance and its anisotropy.  
The magnetism in CeSb arises from the Ce 4f 1 electrons with Γ'	and Γ"($) crystal field eigenstates, 
which have magnetic moments of 0.71µB and 1.57 µB, respectively, with µB being the Bohr 
magneton [32]. In the high-temperature paramagnetic phase,  Γ'	is the preferred orbital state while 
in the low-temperature magnetically-ordered phase, Γ"($)	becomes energetically favored, as 
depicted in the color map of the Γ"($) occupation recently reported by Ye et. al. for an external 
magnetic field applied in the [001] direction [3]. For the magnetic field along the [001] and [010] 
directions in Fig.1a, the planarly shaped Γ"($) orbital state induces a magnetic moment M0 parallel 
to the magnetic field. When the magnetic field is tilted away from the [001] and [010] directions 
there are two possible scenarios for the relationship between H and M: (1) M rotates with H, 
yielding an angle-independent induction Bq = µ0H+M0. In this case the magnetic effects may not 
contribute to the anisotropy of the magnetoresistance. (2) M suddenly rotates 90°, i.e., flops, when 
H crosses the <011> direction, as schematically presented in Fig.1d. For example, when H is 
applied at q  < 45°, M from Γ"($) orbitals is along [001] with a constant value M0. Once q  is larger 
than 45° (but < 135°) M becomes parallel to [010] while its magnitude remains the same. Namely, 
the Γ"($)	orbitals and the induced M flop when the orientation of H crosses q  = 45°. The same M- 
and orbital-flops occur at q  = 135°, 225° and 315°. This leads to an angle-dependent induction 𝐵* = [(𝜇.𝐻)0 + (𝑀.)0 + 2𝜇.𝐻𝑀.𝑐𝑜𝑠𝜑]$/0, where	|𝜑| £ 45° is the angle between H and M and 
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its relationship to q is 𝜑 = q - np/2  with n =  0, 1, 2, 3, and 4 for 0° £ q  £ 45°, 45° £ q  £ 135°, 
135° £ q  £ 225°, 225° £ q  £ 315°, and 315° £ q  £ 360°, respectively. Hence, 𝐵* has a minimum 
at H ∥ <011>, resulting in minima in magnetoresistance that depends positively on magnetic 
induction, as revealed by the R(H) curve shown in Supplementary Figure 2b for H  ∥  [001]. Thus, 
orbital-flop proposed in Fig.1d can contribute to the observed minima or anomalies in R(q) curves 
at q = 45°, 135°, 225° and 315° in Fig.1b and 1c.  
To better understand the angle dependence of the magnetoresistance we also need to know the 
anisotropy contributed by the bulk Fermi surface besides the component from orbital-flops. The 
results in Fig.1 and Supplementary Figure 4 show that the MRs in CeSb for H	∥	b (q  = 90° and 
270°) are nominally smaller than those for H	∥	c (q  = 0° and 180°), particularly in the R(q) curves 
for 1 T < µ0H < 4 T. This behavior is unlike LaSb [20], which show symmetric MR values for the 
same four H orientations as expected for a cubic lattice. A symmetry-breaking in CeSb can be 
induced by a small (of the order of 10−3) tetragonal distortion at T < TN, which was observed by 
Hullinger et al [34]. A small mis-alignment between the magnetic field rotation plane and the 
current flow direction can also cause significant asymmetry in the magnetoresistance anisotropy 
in the XMR state [35]. Thus, it is difficult to make a quantitative analysis. For a qualitative 
comparison with the experimental data, we present in Supplementary Figure 5 the calculated R(q) 
curve including both the contributions from the bulk Fermi surface and the orbital-flops. We chose 
R(q) curve at a high magnetic field (µ0H = 7 T) where CeSb is ferromagnetic phase with a known 
M0 and remains in this phase when changing magnetic field orientations. Although the suppression 
of R(q) due to the orbital-flops is clearly identifiable for H ∥ <011>, the calculated results show a 
much weaker effect than the experimentally observed ones, particularly at angles close to q = 45°, 
135°, 225° and 315°.  It is possible that multi-domain states exist in the orbital-flop region, similar 
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to that in spin-flop materials in which multi-domains were observed in the vicinity of the first-
order spin flop transition, where local flops occur due to thermal excitation and inhomogeneities 
such as defects in the crystals [36,37].  If so, the electron mobility µ decreases due to scattering at 
the domain walls, resulting in further reduction of the magnetoresistance that typically follows the 
relationship of MR ~ µ2 when the Hall factor kH << 1 (see Supplementary Figure 2b) [38]. 
In the scenario of orbital-flops, the magnetic moment M orients along either the b- or c-axis in 
Fig.1d and the magnetic phase transition is induced by the component HM of the magnetic field H 
along M. That is, the magnetic field at which the phase transition occurs should have a 1/𝑐𝑜𝑠𝜑 
dependence. Figure 2a presents R(H) curves at T = 3 K and for q = 90°, 135° and 180°. It is evident 
that the ferromagnetic phase transition field HFM for q = 135°  (H ∦	M, 𝜑 = 45°) is larger than 
those for q = 90° and 180° (H ∥	M, 𝜑 = 0°). Figure 2b presents additional data of HFM for 90° £ q  
£ 270°. It shows that the anisotropy of HFM indeed follows 1/𝑐𝑜𝑠𝜑 very well. We note that in 
Fig.2a the R(H) curves for theoretically equivalent H ∥	b and H ∥	c do not overlap and the values 
of HFM in these two orientations also differ from each other. Furthermore, the R(H) curve for H ∥	b 
in Fig.2a even exhibits an additional kink at HFM*. These results again reveal possible lattice 
distortion at low temperatures and small sample mis-alignment.  
Figure 1 and Supplementary Figure 4 show the reduction in the magnitude of the minima at H ∥ 
<011> with decreasing magnetic field. In Fig.2d we present R(q) curves at µ0H = 7 T and at various 
temperatures. With increased temperatures, the minima at H ∥ <011> become shallower and 
eventually disappear at T ~ 10 K. In Fig.2a we can identify a magnetic field HCR above which the 
magnetoresistance along H ∥ <011> is less than that of H ∥ b or H ∥	c. Its temperature dependence, 
shown in Fig.2c, defines a magnetic field and temperature regime in which the minima in the R(q) 
curves at H ∥ <011> are apparent. By comparing it with the temperature dependence of HFM 
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presented in the same figure, we conclude that the effects of orbital-flops on the anisotropy of the 
magnetoresistance is most pronounced in the ferromagnetic phase. This can be understood if the 
minima/anomalies at H ∥ <011> are determined by the amplitude of M and the electron scattering 
by domain walls, both of which are largest in the ferromagnetic phase. 
Orbital-flop induced anisotropic magnetization 
To further confirm the bulk orbital-flop mechanism, we investigate the angle dependence of the 
magnetization of a CeSb crystal (Sample C) using a magnetometer that measures the magnetization 
component along the magnetic field direction. Following the magnetic field configuration as in 
Sample A, the measured magnetization is expected to follow M = M0cos𝜑, where 𝜑 = q - np/2 as 
defined above and M0 aligns only along b and c-axes, as represented by arrows in Fig.1d. In other 
words, the angle dependence of the magnetization M(q) should exhibit minima at 𝜑 = 45°, i.e., q 
= 45°, 135°, 225° and 315°. Figure 3a presents M(q) curves obtained at T = 5 K and at various 
magnetic fields in the angle range of 0° £ q  £ 180°. Minima can be clearly identified at q = 45° 
and 135° at µ0H = 5 T and 6 T. Similar minima occur in the M(q) curves for µ0H = 7 T and in 
temperatures ranging from 5 K to 25 K as presented in Fig.3b. However, some of the curves, e.g., 
those at T = 5 K and µ0H = 4 T in Fig.3a as well as at T = 15 K and µ0H = 7 T in Fig.3b clearly 
deviate from a cosine relationship. In those curves the ratios g of the moments at q = 0°, 90° and 
180° to those at q = 45° and 135° are also larger than the expected value g = 1/cos45° = √2. These 
deviations simply arise from the different magnetic states of the crystal when the magnetic field is 
rotated, as indicated by the magnetic field dependence of the moment at T = 5 K and at different 
field orientations as shown in Supplementary Figure 6 and the temperature dependence at µ0H = 
7 T in Fig.3c. Similarly, the smaller values of g for M(q) curves at µ0H £ 3 T in Fig.3a and T ³ 20 
K in Fig.3b are also understandable if the crystal is not entirely in the pure ferromagnetic state and 
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the residual paramagnetic components do not contribute to the magnetic anisotropy. The phase 
diagram of HFM for the ferromagnetic transition at q = 135° in Fig.2c defines the condition under 
which the CeSb crystal will in the ferromagnetic state for all magnetic field orientations. For 
example, ferromagnetic phase should exist up to T ~ 10 K at µ0H = 7 T, independent of the 
magnetic field orientations. The M(q) curves obtained in this magnetic field-temperature regime 
indeed follow a cosine-like relationship, e.g. those for T = 5 K and 10 K in Fig.3b. As presented 
in Fig.3c for µ0H = 7 T, the values of g = 1.263±0.015 are nearly constant up to T = 10 K in the 
ferromagnetic phase, albeit smaller than the expected value of √2.  
To elucidate the magnetization anisotropy, we constructed a phenomenological model to describe 
the ferromagnetic phase of CeSb. We assume that the Ce f-electrons occupy the same state at all 
sites and consider only the nearest-neighbour ferromagnetic coupling. Strong spin-orbit coupling 
splits the f states into total-angular-momentum J = 5/2 and J = 7/2 multiplets and the crystal field 
further splits the J = 5/2 multiplet into two groups, Γ'	doublet and Γ" quartet. The Γ"	states can be 
described as =Γ"($),±@ = ABC =± B0@ + A$C =∓ E0@ and =Γ"(0),±@ = =± $0@. For a magnetic field along the c-
axis, =Γ"($)@	is the ground state.  This leads to the mean-field Hamiltonian: ℋGH = ∑ [𝑔𝜇K𝐇 − 𝜀〈𝐉Q𝐑〉] ∙ 𝐉Q𝐑𝐑                                   (1) 
where 𝐑 labels Ce sites and 𝐉Q is the three-dimensional angular momentum operator that is projected 
onto Γ" quartet as accentuated by the tilde (~). The Hamiltonian ℋGH in Eq.1 incorporates the 
cubic anisotropy due to the projection. 𝑔 = 6/7 is the effective g-factor for J = 5/2 multiplet. H is 
the applied magnetic field. 〈𝐉Q𝐑〉 is the average value with respect to the ground state.  𝜀 >	0 is the 
effective ferromagnetic coupling constant, which favors a state with 〈𝐉Q𝐑〉	along any one of the 
crystal axes, a, b or c. On the other hand, the applied magnetic field favors a state with 〈𝐉Q𝐑〉 
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antiparallel to H. Therefore, there can be a first-order phase transition as H rotates, for example, 
from c to b axis.  By solving	ℋGH using iterations, we obtain the magnetization (𝐌 = −𝑔𝜇K〈𝐉Q𝐑〉) 
as a function of the magnetic field orientation angle 𝜃. We find the derived M(𝜃) curve depends 
on the coupling constant 𝜀 (see Supplementary Figure 7). At 𝜀/(𝑔𝜇K𝐵)	= 2.15, the calculated M(𝜃) 
curves closely follow the experimental data (see solid curves in Fig.3b). This gives g = 1.314, 
which is close to the experimental value of 1.263. Our model considers a perfectly ordered 
magnetic structure. It does not include the effects of multidomains, which can be the cause for 
slight differences in the shape of the M(q) curves before and after the orbital-flops (see data around 
q = 45° and 135° for the curve obtained at µ0H = 6 T in Fig.3a and the curves for 5 K and 10 K in 
Fig.3b). Figure 3d presents the angle dependence of the corresponding M components along b- 
and c-axis. Besides the expected sudden changes in the values of Mb and Mc induced by the orbital-
flop at 𝜃 = 45°, the results indicate that M(𝜃) = Mccos𝜑 + Mbsin𝜑, with Mc  » M0, and  𝜑 = 𝜃 for  
0° < q  < 45°; M(𝜃) = Mbcos𝜑 + Mcsin𝜑 with Mb  » M0 and 𝜑 = 90° -	𝜃 for  45° < q  < 90°. Since 
Mb ¹ 0 for 0° < q  < 45° and Mc ¹ 0 for 45° < q  < 90°, the measured M(𝜃) values will be larger 
than those calculated from M = M0cos𝜑 (except at  𝜑 = 0) and  g  < √2  accordingly.  
Results from orbitally quenched GdBi  
To highlight the important role of orbital flops on the observed anisotropy in the magnetoresistance 
and magnetization, we compare our results to those of GdBi, which is similar to CeSb in electronic 
and magnetic structures, but is orbitally quenched. A similar comparison was conducted by Ye et 
al [3] for H	∥ c to demonstrate the importance of the f-orbital degree of freedom on the occurrence 
of XMR. Here, we carry the comparison further by reporting on the angular dependence of the 
resistivity, R(q), as shown in Figure S8a obtained from a GdBi crystal at T = 5 K and µ0H  = 9 T 
to 1 T in intervals of 1 T. Clearly, no minima or anomalies occur at H	∥ <011>, i.e., q = 45°, 135°, 
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225° and 315° (see Fig.1b, Fig.1c and Supplementary Figure 4 for comparison). Similarly, the 
M(q) curves shown in Supplementary Figure 8b for µ0H  = 7 T to 1 T in intervals of 2 T indicate 
that GdBi is magnetically isotropic. These comparisons clearly reveal the role of orbitals on the 
anisotropy of the magnetoresistance and the magnetization observed in CeSb. 
Orbital-flop based spin-valve-like structure 
We fabricated a spin-valve-like structure to demonstrate the functionality of orbital-flop 
phenomenon. A spin valve comprising of two ferromagnetic electrodes can have high- and low-
resistance states, depending on the relative orientations of the magnetic moments in the electrodes. 
Spin valve structures have been used in microelectronic devices such as hard-drive read heads and 
magnetic random access memories [39]. They can also serve as a useful platform for probing new 
phenomena such as triplet Cooper pairs [40]. As presented in Fig.4a we devised a spin-valve-like 
structure by depositing a 30 nm permalloy (Py) layer (covered with 20 nm thick Au) onto the 
surface of a CeSb crystal and attaching gold wires using silver paste. In this two-contact structure, 
the measured resistance includes both the component RCeSb of the CeSb crystal and the tunneling 
resistance RSV between the Py layer and the CeSb crystal at the two contacts, as described by the 
equivalent circuit in Fig.4b. We followed the same measurement procedure used in Sample A, i.e., 
rotating the magnetic field in the (100) plane (see the schematic in Fig.4a for defining the angle 
q).  The orbital-flops should produce a two-value tunneling resistance state, Rsv, with a low- and a 
high-resistance state corresponding to the parallel and perpendicular configurations of the 
magnetic moments in the Py layer and in the CeSb crystal, respectively (see Fig.4c for schematics). 
These two resistance states switch at q = 45°, 135°, 225° and 315° at which orbital-flops occur. 
Since RSV is in series with RCeSb, the measured total magnetoresistance of this spin-valve-like 
structure should exhibit a stronger asymmetry in the angle dependence than the conventional four-
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contact configuration of Sample A. In fact, this is exactly what we observed: Comparing to Fig.1 
and Supplementary Figure 4 for Sample A, the angle dependence of the magnetoresistance in 
Fig.4d for Sample B with the spin-valve-like structure has higher asymmetry in the ferromagnetic 
state, with significant suppression of the magnetoresistances at 45° < q  < 135° and 225° < q  < 
135° relative to those at 0° £ q  < 45°, 135° < q  < 225° and 315° < q  £ 360°.  
Discussion 
Our results reveal rich physics in CeSb, such as magnetic and orbital modulations of XMR, in 
addition to the orbital-driven anisotropy in the magnetoresistance and magnetization. Our 
approaches can be readily applied to explore orbital induced phenomena in other cerium 
monopnictides, which also have numerous magnetic phases and magnetoresistance behaviours 
[41,42]. Recent x-ray angle-resolved photoemission spectroscopy (ARPES) investigations show 
that cerium monopnictides can change from topologically trivial to nontrivial, with the increase of 
spin-orbit coupling as in CeP and CeBi respectively [43]. Thus, comparative studies on different 
cerium monopnictides using our approach can shed light upon the role of orbitals in achieving 
topological states and in uncovering topological properties originating from orbitals. 
Besides CeSb, recent pursuit of the XMR phenomenon has led to the exploration on other rare-
earth monopnictides including GdBi [3], NdSb [23,26], DySb [27], and HoBi [30,31]. These 
materials not only exhibit XMRs but also are magnetic, with localized f electron moments. With 
the exception of Gd monopnictides in which Gd 4f orbitals are exactly half occupied and the orbital 
angular momentum is zero, f orbital moments generally cannot be quenched by the crystal field 
[44]. Therefore, orbital-driven phenomena including anisotropic magnetoresistances and 
magnetizations are expected to be observed in these magnetic rare-earth monopnictides. Since 
orbital component dominates the total magnetic moment, orbitals may play an important role in 
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the XMR of HoBi, which only occurs in the ferromagnetic phase at high enough magnetic fields 
[31].  
This work unambiguously demonstrates the existence of orbital-flops, i.e., rotation of 90° in orbital 
orientation, in CeSb. Our phenomenological model also shows that spin-flops accompany orbital-
flops due to strong spin-orbit coupling. The spin-flops in CeSb is induced by rotating magnetic 
field and differs from the classic spin-flops widely observed in antiferromagnets [36,37,45-48]. 
The latter is a spin re-orientation transition when the strength of the magnetic field changes while 
its direction is fixed. When the spin-charge coupling is strong, classic spin-flops can also induce 
anisotropic magnetoresistance [45]. 
Our investigations on anisotropic properties can also shed light on some outstanding issues. For 
example, the observed phase transition at HFM* for H ∥ b while absent for H ∥ c in our CeSb crystal 
provides an explanation of the inconsistency in the magnetic phase transitions in the magnetic field 
range from 3.5 T to 4.0 T, with two transitions reported by Ye et al [3] and only one observed by 
Wiener et al [33].  
Methods 
Sample preparation. CeSb single crystals were grown with Sn flux as described in Ref.49.  Ce 
powder (99.9%, Alfa Aesar), Sb pieces (99.999%, Plasmaterials Inc) and Sn shots (99.999%, Alfa 
Aesar) with an atomic ratio of Ce:Sb:Sn = 1:1:20 were loaded into an alumina crucible. The 
alumina crucible, covered with a stainless steel frit, was sealed in a 13mm diameter quartz tube 
under a vacuum of 10-3 mbar.  The quartz tube was heated up to 1150 °C in 20 h and kept at that 
temperature for another 12 h, then cooled down to 800 °C at a rate of 2 °C/h. Finally, the tube was 
centrifuged at 800 °C to separate CeSb crystals from the Sn flux.  Large crystals with dimensions 
up to 5×5×4 mm3 were harvested. The crystals were characterized by single crystal X-ray 
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diffraction on the diffractometer STOE IPDS 2T and a rock-salt type structure of CeSb was 
confirmed for those crystals. GdBi single crystals were grown out of Bi flux as shown in Ref.49. 
Gd pieces (99.9%, Alfa Aesar) and Bi shots (99.999%, Sigma-Aldrich) with an atomic ratio of 
Gd:Bi = 1:4 were loaded directly into an alumina crucible.  The alumina crucible was sealed in a 
15 mm quartz tube under a vacuum of 10-3 mbar.  A stainless steel frit was covered and fixed on 
the top of the alumina crucible. The tube was heated up to 1150 °C for 20 h, held at that temperature 
for 12 h, and then cooled down to 940 °C at a rate of 2 °C/h, where the tube was centrifuged to 
separate the crystals from the Bi flux. Crystals with a typical dimension of 2 × 2 × 3 mm3 were 
harvested.  The crystals obtained were confirmed to be the GdBi phase by single crystal X-ray 
diffraction.  
Resistance measurements. We conducted DC resistance measurements on CeSb crystals in a 
Quantum Design PPMS-9 using constant current mode (I = 1 mA). The electric contacts were 
made by attaching 50 µm diameter gold wires using silver epoxy, followed with baking at 120 °C 
for 20 minutes. Angle dependence of the resistance was obtained by placing the sample on a 
precision, stepper-controlled rotator with an angular resolution of 0.05°. The inset of Figure 1 
shows the measurement geometry where the magnetic field H(q) is rotated in the (100) plane and 
the current I flows along the [100] direction, such that the magnetic field is always perpendicular 
to the applied current I. We define the magnetoresistance as MR = [R - R0)]/R0, where R and R0 
are resistivities at a fixed temperature with and without magnetic field, respectively. 
Magnetization measurements. We measured the angular and temperature dependences of the 
magnetization of a CeSb crystal using a Quantum Design MPMS XL equipped with a horizontal 
sample rotator with an angular resolution of 0.1° and reproducibility of ±1°.  
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Data availability. The data that support the findings of this study are available from the 
corresponding authors upon reasonable request. 
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Figure captions 
 
Fig. 1 ê Magnetic-field dependent anisotropic magnetoresistance. a, Schematic showing the 
definition of the angle q  for the magnetic field orientation. The magnetic field is rotated in the 
(100) plane while the current flows along the [100] direction, i.e. they are always perpendicular to 
each other. b, Polar plot of the angle dependent resistance of Sample A at T = 3 K in magnetic 
fields of µ0H = 9 T to 2 T in intervals of 1 T. The data clearly show the minima in the ferromagnetic 
phase at µ0H ³ 5 T at q = 45°, 135°, 225° and 315° degrees induced by orbital-flop, in addition to 
the minima at q = 0°, 90°, 180° and 270° degrees originating from the Fermi surfaces. c, Polar plot 
of the anisotropic magnetoresistances of the same sample at the same temperature in 
antiferromagnetic phase from µ0H = 4 T to 1 T (and partial data at 4.5 T) in intervals of 0.5 T. The 
data show more complicated features resulting from the competition of orbital-flop, anisotropic 
Fermi surface and magnetic phase transitions. d, Schematic showing the orientations of the Ce Γ"($)	orbitals (light blue crosses) that flops at q = 45°, 135°, 225° and 315° degrees. Black arrows 
represent the magnetic moment directions. 
 
Fig. 2 ê Anisotropy of the ferromagnetic transition. a, R(H) curves of Sample A at T = 3 K and 
q = 90°, 135° and 180°. HFM is the magnetic field above which the system is in the ferromagnetic 
state. HFM* indicates a possible phase transition. HCR is the magnetic field above which the 
magnetoresistance at H ∥ [011] is smaller than that at H ∥ [010] and H ∥ [001]]. b, Angle 
dependence of HFM (solid symbols) and HFM* (open symbols). The dashed lines represent 1/𝑐𝑜𝑠𝜑 
with 𝜑 = q - np/2 with n = 1, 2, and 3 for 90° £ q  £ 135° and 135° £ q  £ 225°, and 225° £ q  £  
270°, respectively (see text for more discussion). c, Phase diagrams HFM versus T for the 
ferromagnetic states at H ∥ [010] and H ∥ [011] and for HCR, above which orbital-flops appear as 
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clear magnetoresistance minima in the R(q) curves. Results indicate that orbital-flop effect is most 
pronounced in the ferromagnetic phase. d, Magnetoresistances at µ0H = 7 T and temperatures from 
3 K to 25 K. Orbital-flop induced minima can be seen at q  = 45°, 135°, 225° and 315°, i.e., H ∥ 
<011> at T < 10 K. 
 
Fig. 3 ê Anisotropic magnetization induced by orbital flops. a, Angle dependence of the 
measured magnetization of Sample C at T = 5 K and at various magnetic fields. b, Angle 
dependence of the measured magnetization at µ0H = 7 T and at various temperatures.  c, 
Temperature dependence of the measured magnetization at µ0H = 7 T and at two magnetic field 
orientations.	γ is the ratio of the magnetizations at [010] and [011]. The cyan curves in (b) represent 
theoretical results from the phenomenological model. d, Angle dependence of the magnetizations 
along the [010] (b-axis) and [001] (c-axis) derived from a phenomenological model (see text) for 
the ferromagnetic phase, revealing an orbital-flop at q  = 45°. µB is the Bohr magneton.  
 
Fig. 4 ê Probing orbital flops using a spin-valve like structure. a, Schematics of the structure 
of Sample B (see Supplementary Figure 9 for an optic image) and the definition of q for the 
magnetic field direction. This sample has only two contacts of ferromagnetic permalloy (Py) 
fabricated via sputtering-deposition. The interface between the Py contact layer and the CeSb 
crystal forms a spin-valve like structure. The magnetic field is rotated in the same (100) plane as 
that for Sample A. b, Equivalent circuit for Sample B. RSV and RCeSb represent the resistances at 
the Py/CeSb interface and in the CeSb crystal, respectively. c, Orientations of the magnetic 
moments in the Py layer and in the CeSb crystal at various orientations of an applied high magnetic 
field (e.g. ³ 5 T). A schematic of the expected angle dependence of the interface resistance RSV. d, 
Angle dependence of the measured total resistance R = 2RSV + RCeSb of Sample B at T = 3 K and 
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various magnetic fields/orientation. The spin-valve like behavior described in (c) is reflected by 
the significant suppression of the magnetoresistances at 45° < q  < 135° and 225° < q  < 135° 
compared to those at 0° £ q  < 45°, 135° < q  < 225° and 315° < q  £ 360°. 
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